and canyon sediments in several canyon reaches are contaminated with low-levels of radionuclides from his- near the eastern boundary of LANL (Fig. 1) .
tem, subsequent groundwater and surface water monitoring, and two tracer tests. Here we focus on the monitoring site installation and the tracer tests. Refer to the I n May 2000 the Cerro Grande Fire (CGF) swept companion paper (Stauffer and Stone, 2005) for results through the Sierra de los Valles and western Pajarito of numerical modeling of the first tracer test. Additional Plateau near Los Alamos, NM (Joseph, 2001) . The CGF details of the monitoring system installation and monidamaged Los Alamos National Laboratory (LANL) toring results can be found in Stone and Newell (2002) property, destroyed many structures on the western and and Stone et al. (2004) . northern flanks of the town of Los Alamos, and burned much of the forested watersheds on the west side of
Site Description
town. In the wake of the CGF, concerns grew regarding
The Los Alamos Canyon low-head weir is located on the potential for greatly increased runoff from damaged the eastern flank of the Pajarito Plateau, near the LANL drainage basins resulting in high canyon flows and poeastern boundary, within Los Alamos Canyon, near the tential transport of contaminant-laden sediments off of junction of NM SR 4 and NM 502 ( Fig. 1) , approximately LANL property. The Los Alamos Canyon drainage sys-6 km east of Los Alamos, NM. To the east of the weir, tem was one of the most severely damaged watersheds, Los Alamos Canyon passes through land belonging to San Ildefonso Pueblo before entering the Rio Grande the alluvial fan deposits of the Puye Formation. Interfingered with the Puye Formation on the east and south- eastern flanks of the plateau are the Cerros del Rio tures extending for vast distances. The plateau has subsequently been deeply dissected by numerous west to basalts (Self et al., 1996) . Hydraulic property data for these basalts are quite sparse, and what little data are east trending drainages, leaving a complex terrain of canyons separated by finger mesas. At the Los Alamos reported indicated a complex, highly fractured system with extremely high permeabilities, exceeding 1 ϫ 10
Ϫ9
Canyon weir, the Cerros del Rio basalts were encountered after removing the canyon sediments and alluvium m 2 (1000 darcies) (Neeper 2002) . Neeper (2002) reported that at Technical Area 54 of LANL, this basalt layer is during construction of the low-head weir. The drainage within Los Alamos Canyon is ephemeral, typically seeing vented to the atmosphere at a distance of a few kilometers from the site, indicating a system of very large fracsurface water flow only during spring snowmelt and dur- ing intense summer thundershowers during the monsoon season in July and August. Two groundwater monitoring wells (R-9 and R-9i) located approximately 0.5 km west (upstream) from the weir provided a good conceptual representation of the underlying hydrogeology before installation of the monitoring site. At this location, Cerros del Rio basalts were encountered immediately below canyon alluvium to a indicated the upper zone was much more productive than the lower zone. The regional aquifer was encoun-
Monitoring Well LAWS-01
tered at 210 m (688 ft) bgs within the Puye Formation.
The vertical borehole is referred to as Monitoring Well Los (Broxton et al., 2001 ).
Alamos Weir Site (LAWS)-01. It was completed with four 3-m (10-ft) screens to a total depth of 86 m (281.5 ft) bgs. The
MATERIALS AND METHODS
four screens target zones of saturation encountered during drilling and expected based on the conceptual model. Specifi-
Monitoring Site Design, Installation,
cally, the upper screen targets a shallow zone at approximately and Instrumentation 27 m bgs, the two middle screens target a middle zone at approximately 50 to 60 m bgs, and the lower screen targets a deep The monitoring system was designed based on the characterization of the subsurface hydrogeology encountered during zone at approximately 82 m bgs. A primary filter pack of coarse sand was installed from 1.5 m (5 ft) below the screens to drilling. Groundwater sampling ports were to be installed at depths where perched groundwater zones were encountered.
1.5 m above them. A secondary filter pack of finer sand was emplaced 61 cm (2 ft) above and below the primary filter In addition, the monitoring system was designed to monitor the vadose zone below the weir ponding area (the weir floor).
pack to keep bentonite from reaching the screen. The space between secondary filter packs was filled with bentonite pellets The preliminary design called for one vertical monitoring well advanced to the base of the basalt and two angle boreholes and chips. The well was developed by bailing to stable field parameters (pH, temperature, and specific conductance) and (one at 45Њ and one at 30Њ from horizontal) directed into the vadose zone underneath the weir floor. Instrumentation of the a turbidity of 5.9 nephelometric turbidity units (Stone and Newell 2002). vertical well was to include a Water FLUTe (www.flut.com) liner outfitted with water sampling ports and pressure trans-LAWS-01 was instrumented with a Water FLUTe flexible liner with four transducers and four sampling ports. In this ducers. The angle holes were to be completed as open holes (no well casings) outfitted with FLUTe positive pressure liners borehole, the flexible liner is filled with water to provide the pressure necessary to form a tight seal around each screen (Stone and Newell 2002) .
Drilling proceeded in two phases. First, surface casings were and keep them isolated (Stone and Newell 2002) . Figure 3 illustrates the screen and port locations in LAWS-01, as well set for the three boreholes using hollow-stem augering. Augers were advanced through the canyon alluvium to the top of the as the conceptual model of subsurface hydrogeology based on data from the three LAWS boreholes and upstream Wells basalt (≈3 m [10 ft] bgs) using 30-cm (12-in) augers, and 27-cm (10.75-in)-o.d. steel casing was set in cement. Second, the basalt R-9 and R-9i. The data collection system is designed to automatically collect data from site instrumentation. These data include head (water level) measurements in the four screens of LAWS-01, resistance measurements from the 10 wire pairs in the LAWS-02 membrane, site precipitation, atmospheric pressure, air temperature, near-surface soil temperature, and LAWS-02 membrane pressure. Most of these data are used to identify movement of water in the subsurface, but some, such as LAWS-02 membrane pressure, are used for site diagnostics. The system is programmed to collect water level data in LAWS-01 every Monitoring Wells LAWS-02 and LAWS-03 minute, then store 8-h averages on the datalogger. Resistance The two angled boreholes were named LAWS-02 and 03.
readings in LAWS-02 are taken once an hour and stored as LAWS-02 was drilled to a length of 47.9 m (157 ft) and a final 8-h averages. In addition to site precipitation measurement, angle of 43Њ from horizontal, placing the total vertical depth precipitation data are acquired from other LANL meteorologof the borehole at 32.6 m (107 ft) bgs and 29.3 m (96 ft) below ical sites. This is necessary because the climate is such that the weir ground surface. LAWS-03 was originally drilled to flow and ponding in the weir may or may not be associated 41.5 m (106 ft) at a final angle of 34Њ from horizontal, placing with precipitation on site, and may be associated with isolated the total vertical depth at 23 m (76 ft) bgs. storms several kilometers upstream. The original plan was to complete these boreholes as open holes, using positive pressure liners to instrument them for
Tracer Tests
monitoring. However, very unstable formation conditions were encountered during drilling, requiring a creative design to overTwo separate tracer tests were implemented at the weir to come the stability problems. LAWS-02 was salvaged by installmeasure infiltration during runoff and ponding events. The iniing 15.2-cm (6-in)-diameter, 1.16-cm-thick (schedule 80) polytial test used KBr, and the second test used KI. These tracers vinyl chloride (PVC) casing with "scallops." The scallops are were chosen because they should not be present in the environ-76-cm (30-in) oval openings cut into the PVC to allow access ment, they are conservative, and they are easy to analyze using of instrumentation to the bedrock, while keeping the borehole off-the-shelf instrumentation. open (see Fig. 4 ). This unique and innovative solution worked On 29 Apr. 2002 the bromide tracer was applied to the colwell in LAWS-02, but the same approach was not successful lection basin upstream of the weir (the weir floor). Bromide in LAWS-03, resulting in a collapsed hole halfway down its was applied as a 0.2 M solution of KBr (≈16 000 ppm) sprayed length. The upper half of the boring is available for monitoring, evenly over approximately 1760 m 2 (19 000 ft 2 ). In total, 45 kg but to date this has not proven to be deep enough to provide (99 lbs) of KBr was distributed over the weir floor, leaving apuseful data. Following the collapse of LAWS-03, the borehole proximately 16.8 g Br Ϫ m
Ϫ2
. The amount of tracer applied length is now 24.4 m (80 ft), with a vertical depth of 13.6 m was based on assumptions on the amount of ponded water (45 ft) bgs, and 10.3 m (34 ft) below the weir ground surface.
expected during runoff events, the detection limit of instru-LAWS-03 is not discussed further in this paper. A photograph mentation, and bounding calculations of travel times. The weir of the LAWS monitoring site is shown in Fig. 5 . For additional floor was dry at the time of application. The amount of water details on the installation of the LAWS monitoring wells, refer applied to distribute the tracer was minimal and vertical transto Stone and Newell (2002) . port of tracer due to tracer application was assumed to be LAWS-02 was outfitted with an oversized FLUTe positive negligible. It appeared that the applied water and tracer were pressure liner. The liner is 28 cm (11 in) in diameter, installed quickly absorbed by the new sediments deposited on the weir in a larger 15.2-cm (6-in) PVC pipe, allowing the liner to floor since its construction. Background concentrations of ioexpand out of the scalloped casing openings to contact the dide in the system were determined from groundwater samples formation when air pressure is applied. The liner is outfitted from LAWS-01; the background concentration for bromide with 10 equally spaced wire pairs for measurement of resiswas approximately 1.25 ϫ 10 Ϫ5 M (1 ppm). tance in a wicking sleeve attached to the exterior of the carrier After the main pulse of bromide tracer appeared to have membrane. Resistance measurements in the wicking mempassed through the system, a second tracer was introduced. brane are a proxy for moisture conditions. The wicking mem-
The purpose of the second tracer test was to compare the movebrane was used to collect water moving through the vadose ment of multiple pulses through the system (a different tracer zone for subsequent sampling and analysis.
was necessary to resolve different water pulses, since bromide was still present in the system). ). bucket rain gage, thermocouples, 10 downhole wire-pair resistors in LAWS-02, and one pressure transducer located in the In total, 5 kg (11 lbs) of KI was applied leaving a concentration 
RESULTS AND DISCUSSION
exists, consisting of light brown smectite chips with very fine-grained black lithics. LAWS-01 was terminated on Geological and Hydrogeological Characterization encountering this interval, as it is the perching horizon Drilling of the three boreholes provided the subsurfor the lower saturated zone at up-gradient Wells R-9 face characterization of the site and subsequent revision and 9i (Broxton et al., 2001) . Fracture conditions deeper of the conceptual model initially developed from data than about 30 m (98 ft) were not observed; borehole from upstream Wells R-9 and R-9i. Core was not recovstability problems during drilling and well construction ered during drilling, so all characterization is based on precluded deeper video logging. However, observations recovered drilling chips and some downhole video logat outcrops in nearby canyons suggest it is safe to assume ging. At the weir drill site, the subsurface geology conthat the basalt is highly fractured through its entire sists of a thin layer of canyon alluvium followed by a thickness. thick sequence of lava flows in the Cerros del Rio basalt While LAWS-01 was being drilled, saturated condito the extent of drilling. The upper 2.7 m (9 ft) includes tions were first encountered at a depth of approximately road construction fill, soil, and alluvium. The alluvium 25 m (82 ft) bgs. This zone was not anticipated, based on consists mainly of dacitic gravel up to cobble size. Vesicthe conceptual model. It was hypothesized that this zone ular olivine basalt extends from the base of the alluvium of shallow perched water was due to ponding at the to a depth of 29 m (95 ft) bgs. Clay coatings and vesicle weir that had occurred during the drilling in April 2001 infillings as well as oxidized surfaces are common. Video (Fig. 2) . The amount of water decreased with depth, logging showed that these vesicular basalts are highly and cuttings were dry at a depth of approximately 30 m fractured. The fractures appeared to be open and sub-(98 ft) bgs. Interestingly, this zone of saturation was not vertical in orientation. Below 29 m the basalts grade into a mix of vesicular and massive layers of basalt to apencountered in LAWS-02, which penetrated an equiva-lent horizon, indicating the complex geometry of the January and May of 2003 (not as a result of a malfunction of the monitoring system). The water elevation at perched zones. Due to drainage from the upper saturated zone during drilling of LAWS-01, the positions of Port 2 has varied between 1890 and 1897 m (6200-6224 ft) asl. Groundwater at Port 3 has been present continudeeper perched water zones were mostly masked. The degree of cuttings saturation did increase at approxiously through the monitoring period, varying between 1883 and 1894 m (6178-6213 ft) asl, parallel to Port 2 mately 40 m (131 ft), coinciding with the clay-rich horizon and massive basalt unit, and the expected position behavior, in general. At Port 4, groundwater has been present through the entire study period at a relatively of perched water derived from the conceptual model. The final (revised) conceptual model presented in Fig. 3 constant elevation of 1880 to 1881 m (6168-6172 ft) asl. The relationship between groundwater elevations, depicts geology based on this investigation.
Subsurface characterization at the Los Alamos Canprecipitation, and ponding events is complex. Groundwater levels in Ports 2 and 3 have been observed to inyon weir indicates that it is comprised of a complex, highly fractured and heterogeneous basalt. The groundcrease (9 Nov. 2002), experience no change (26 Oct. 2002) , and decrease (11 Aug. 2003) immediately followwater occurrences are equally complex. Based on characterization and groundwater pressure head measureing ponding at on the weir floor. Refer to Table 1 for the dates and ponding depths of some ponding events ments, there are three distinct saturated zones beneath the weir. A relatively shallow perched zone of saturation at the weir site. Ponding events in water levels may be due to the ponding behind the weir, or they may be a result of subsurface lateral flow from not found at LAWS-02, which penetrated the same depth and is in close proximity. The next major perched upstream infiltration. As was seen during the drilling of LAWS-01, the subsurface hydrogeology consists of a zone is found at approximately 44 m (144 ft) below the weir floor. Saturation is relatively persistent below this series of massive and vesicular basalts and clay layers that likely result in a complex hydrogeologic system in depth to the total depth of investigation. Pressure head measurements indicate that below 44 m, the saturated which ponding behind the weir can cause groundwater elevations to rise in some zones and cause groundwater thickness is comprised of at least two zones of connected saturation. Saturation from approximately 44 to 53 m to drain from other zones. (145 to 175 ft) below the weir appears connected and responds as one unit during ponding and drying events
Moisture Monitoring (LAWS-02)
(shown by data from Ports 2 and 3 in Fig. 6) . A deeper Moisture conditions in the vadose zone were measaturated unit starting at approximately 54m (178 ft) sured in LAWS-02 using resistance measurements. A below the weir does not respond to ponding and drying decrease in resistance indicates an increase in moisture with the above zone and appears to be confined.
content, but absolute moisture content cannot be deduced from the resistance measurements without cali-
Groundwater Elevation (LAWS-01)
bration. Figure 7 presents resistance data for 7 of the 10 wire pairs for the entire study period. The other three Pressure transducers in LAWS-01 provide groundwater head measurements in the four screened zones in wire pairs were located above the weir floor and were not used. Ponding events and membrane removal and the well. These head measurement have been used to delineate the number and position of subsurface perched installation events (data gaps) are also shown. Data are shown beginning with the installation of a new absorhorizons and their elevation through time. Figure 6 presents the groundwater elevation measurements (in mebent membrane in July 2002. Resistance data indicate that the deepest four sensors at 20, 23, 27, and 30 m ters above sea level [asl] ) at each of the four ports with time, the port elevations, precipitation events, and pondbelow the weir floor wetted to near saturation within 7 d. Several days following the ponding event on 28 Aug. ing events in the weir pond. Where groundwater elevation data are missing for all four ports for the same 2002, the sensor at a depth of 17 m below the weir floor indicated slowly wetting conditions. It is interesting that period of time, it indicates a datalogger or power supply malfunction during which data were lost.
this sensor is closer to the ground surface but responds more slowly to wetting than the deeper sensors. These Groundwater is present only periodically at Port 1 (Screen 1), and when present, the groundwater elevadata indicate that the moisture conditions at a depth of 20 m or greater are much wetter than at a depth 17 m. tion is up to 4.6 m (15 ft) above the port, time of tracer application using an ion-specific probe. These data indicate that the subsurface hydrogeology Figure 8 (top) shows the initial bromide concentration of this site is complex. Zones of near saturation appear based on the ion-probe measurements. The result is not at some depths but not others, and these zones change zero (≈1.25 ϫ 10 Ϫ5 M [≈1 ppm]), due to some background of bromide in the groundwater and some minor interferwith time as the basalt wets and dries as a result of baroence of other dissolved solutes with the ion-probe meametric pumping, moisture redistribution, and drainage.
surements. Once flow and ponding behind the weir were These data indicate that moisture does not appear to observed, water samples from LAWS-01 were collected weekly for bromide measurements. Ponding events are ing a maximum concentration of 1.2 ϫ 10 Ϫ4 M (9.7 ppm). After the bromide test, a second tracer was introduced. Tracer was detected at Ports 2 through 4 within 14 d.
Tracer was applied to the weir pond area as a KI solution Tracer was detected in Port 1 at a depth of 26.4 m (87 ft) 6 June 2003. Baseline conditions were defined by groundbwf after 22 d. Maximum concentrations of 2.20 ϫ water sampling and analysis after well development and 10 Ϫ4 , 2.02 ϫ 10 Ϫ4 , and 1.93 M (7.6, 16.1, and 15.4 ppm) by measuring groundwater concentrations in LAWS-01 were measured in Ports 1, 2, and 3 respectively, after at the time of tracer application using an ion-specific 56 d. The maximum concentration at Port 4 was meaprobe. Once flow and ponding was observed in the weir, water these individual events is difficult to interpret since the samples from LAWS-01 were collected weekly for iowater and tracer fluxes through the system are likely overlapping due to the close spacing of ponding events. dide measurements. caused the iodide response. Based on the three ponding of subsurface flow at the Los Alamos Canyon weir that is calibrated using the data from this study. events, the vertical travel times could have been between zero and 11 d. However, the ponding event on ACKNOWLEDGMENTS 11 Aug. 2003 was larger than the following two events, so it is assumed that the tracer was predominately driven 
